
The	  Occurrence	  and	  Mass	  Distribu2on
of	  Super-‐Earths,	  Neptunes,	  and	  Jupiters

Andrew	  W.	  Howard
UC	  Berkeley

California	  Planet	  Search	  Team:
Geoff	  Marcy,	  Debra	  Fischer,	  John	  Johnson,	  Jason	  Wright,	  Howard	  Isaacson,	  Julien	  
Spronck,	  Jeff	  Valen2,	  Jay	  Anderson,	  Nikolai	  Piskunov,	  more!

NASA-‐UC	  Eta-‐Earth	  Survey

The	  Occurrence	  and	  Mass	  Distribu2on
of	  Super-‐Earths,	  Neptunes,	  and	  Jupiters

Andrew	  W.	  Howard
UC	  Berkeley

California	  Planet	  Search	  Team:
Geoff	  Marcy,	  Debra	  Fischer,	  John	  Johnson,	  Jason	  Wright,	  Howard	  Isaacson,	  Julien	  
Spronck,	  Jeff	  Valen2,	  Jay	  Anderson,	  Nikolai	  Piskunov,	  more!

NASA-‐UC	  Eta-‐Earth	  Survey



Exo-surprises



Hot Jupiters

Exo-surprises



Hot Jupiters Eccentric Orbits

Exo-surprises



Hot Jupiters Eccentric Orbits

Inflated Transiting Planets

Exo-surprises



Hot Jupiters Eccentric Orbits

Inflated Transiting Planets No Planet Desert

Exo-surprises



Hot Jupiters Eccentric Orbits

Inflated Transiting Planets No Planet Desert

Exo-surprises



Outline:

1.	  A	  Predic+on	  from	  Planet	  Forma+on

2.	  The	  Eta-‐Earth	  Survey	  from	  Keck

3.	  Planet	  Detec+ons	  and	  Non-‐detec+ons

4.	  The	  Planet	  Mass	  Distribu+on	  and	  ηEarth	  

5.	  Planet	  Forma+on	  Theory	  Revisited

New in the last month:
• Super-Earth detections
• Mass distribution down to 3 MEarth

• ηEarth

• Constraints on planet formation



Outline:

1.	  A	  Predic2on	  from	  Planet	  Forma2on

2.	  The	  Eta-‐Earth	  Survey	  from	  Keck

3.	  Planet	  Detec+ons	  and	  Non-‐detec+ons

4.	  The	  Planet	  Mass	  Distribu+on	  and	  ηEarth	  

5.	  Planet	  Forma+on	  Theory	  Revisited

New in the last month:
• Super-Earth detections
• Mass distribution down to 3 MEarth

• ηEarth

• Constraints on planet formation



 Core Accretion Model:

oklo.org



gas giants

Population Synthesis Models of Core Accretion
simulate planet formation ➞ predict M-a distribution 

planetesimals

 cores

protoplanetary disk:
H/He gas (99wt%) + dust grains (1wt%) 

core accretion

gas envelope contraction

runaway gas accretion

>100M⊕

> 5-10M⊕

coagulation of planetesimals

terrestrial
planets

gas accretion onto cores

type I migration

type II migrationorbital instability
Slide from S. Ida
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Planet	  Desert:
a	  =	  0.05	  -‐	  1.0	  AU
M	  =	  1	  -‐	  30	  MEarth

Ice line



Parameter Adjustments - Pop. Synth. Models

Ida & Lin 2008, ApJ, 685, 584
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Pop.	  Synth.	  Model
Knobs:

•	  Type	  I	  &	  II	  
	  	  migra.on	  efficiency
•	  dust-‐to-‐gas	  ra.o
•	  density	  “bumps”
	  	  	  near	  ice	  line
•	  ...

Density	  Enhancements	  near	  Ice	  Line



Mordasini, Alibert, & Benz (2009)
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Occurrence	  of	  Planets	  within	  0.25	  AU?

Accessible	  Domain	  of	  
Planet-‐Forma2on	  Theory	  
from	  3-‐1000	  MEarth

Theory	  predicts	  few	  1-‐20	  MEarth	  planets
in	  short-‐period	  orbits

Geneva	  group	  reports	  30%	  or	  50%	  of	  
GK	  stars	  have	  rocky	  or	  Neptune	  planets
inward	  of	  50-‐day	  orbits
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• RV survey of 238 nearby GKM dwarfs
• Search for low-mass planets (Msini = 3-30 MEarth)
• Constrain population of low-mass planets 

and planet formation theory

39%  G stars
33%  K stars
28%  M stars

Eta-Earth stars
Hipparcos (d < 50 pc)

NASA-UC Eta-Earth Program

Statistically unbiased (nearly)
stellar population:

• V < 11
• distance < 25 pc
• log R’HK < -4.7 (inactive)



• RV survey of 238 nearby GKM dwarfs
• Search for low-mass planets (Msini = 3-30 MEarth)
• Constrain population of low-mass planets 

and planet formation theory

39%  G stars
33%  K stars
28%  M stars

Eta-Earth stars
Hipparcos (d < 50 pc)

NASA-UC Eta-Earth Program

Statistically unbiased (nearly)
stellar population:

• V < 11
• distance < 25 pc
• log R’HK < -4.7 (inactive)

G	  stars



• RV survey of 238 nearby GKM dwarfs
• Search for low-mass planets (Msini = 3-30 MEarth)
• Constrain population of low-mass planets 

and planet formation theory

39%  G stars
33%  K stars
28%  M stars

Eta-Earth stars
Hipparcos (d < 50 pc)

NASA-UC Eta-Earth Program

Statistically unbiased (nearly)
stellar population:

• V < 11
• distance < 25 pc
• log R’HK < -4.7 (inactive)

G	  stars K	  stars



• RV survey of 238 nearby GKM dwarfs
• Search for low-mass planets (Msini = 3-30 MEarth)
• Constrain population of low-mass planets 

and planet formation theory

39%  G stars
33%  K stars
28%  M stars

Eta-Earth stars
Hipparcos (d < 50 pc)

NASA-UC Eta-Earth Program

Statistically unbiased (nearly)
stellar population:

• V < 11
• distance < 25 pc
• log R’HK < -4.7 (inactive)

G	  stars K	  stars M	  stars



Stellar Masses

Number of RVs per Star

G & K Main Sequence:
All have parallaxes &
Stellar evolution Tracks

Median: 35 Keck RVs
             per star

All have high cadence run
during 10 Keck nights
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Iodine	  Absorp-on	  Cell



4000  Pixels on CCD

Stellar Spectrum: Echelle
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Standard	  Stars

The	  best	  standards	  have	  an	  
RMS	  of	  1.5-‐2.0	  m/s.

These	  are	  almost	  always	  
late	  G	  /	  early	  K	  dwarfs.

We	  do	  not	  explicitly	  average	  
over	  P-‐modes;	  Texp	  ~	  1-‐5	  min
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Minimum RV Observations for Eta-Earth Star
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Minimum RV Observations for Eta-Earth Star

20+ observations over 4 years

1 high-cadence run

HD 191785

2005 2006 2007 2008 2009
 Time  (Years)

−5

0

5

   
Ve

lo
ci

ty
  (

m
 s

−1
)

 RMS = 2.42 ms−1



Precision	  of	  Eta-‐Earth	  Observa2ons

Velocity RMS of Eta-Earth stars

Limited by:
Stellar jitter
Guiding
Inst. Stability
Photon Noise
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HD	  156668	  -‐	  Discovery	  RVs

Howard et al. 2010a, ApJ,

Time	  (Yr)

Period	  (d)

2005 2010

1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  100	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1000



HD	  156668	  -‐	  High-‐pass	  Filtered	  RVs

Howard et al. 2010a, ApJ,

Time	  (Yr)

Period	  (d)

2005 2010

1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  100	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1000



HD	  156668	  -‐	  Residual	  RVs

Howard et al. 2010a, ApJ,

Time	  (Yr)

Period	  (d)

2005 2010

1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  100	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1000



HD	  156668b	  -‐	  Detected	  Super-‐Earth!

Howard et al. 2010, ApJ, accepted

Star: 
HD 156668 (K3V)
distance = 24 pc
V = 8.3
[Fe/H] = 0.05 
quiet

Planet:
M sin i = 4.15 ME
P = 4.6455 d
e = 0 (fixed)





HD	  156668b	  -‐	  Transit	  Search

Photometry by Greg Henry using APTs

Photometry of HD 156668
5% transit probability

V=8.4 – great follow-up!

No transits detected, but no
    dedicated search, yet!

Can rule out extremely
    bloated planets: 
    depth < 3 mmag
    R < 4.5 REarth

Possible compositions (toy models):

    Hydrogen    4.5 RE	 3.1   mmag

    Water          2.0 RE	 0.61 mmag
    Silicate	     1.5 RE	 0.35 mmag

    Iron	     1.2 RE	 0.22 mmag



Weak Limits on Transits
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33	  Detected	  Planets	  in	  the	  Survey

•	  Some	  found	  by	  others;
	  	  	  	  confirmed	  here

•	  Firm	  Period,	  Msini

•	  All	  published
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Detected planets
Candidate planets
  (FAPs ~ 1-5%)

Howard et al. 2010, Science, 330, 653

Candidate planets 
included in counting
planets.



Msini = 300-1000 ME

2 Detected planets
0 Candidate planets

Howard et al. 2010, Science, 330, 653



Msini = 100-300 ME

2 Detected planets
0 Candidate planets

Howard et al. 2010, Science, 330, 653



Msini = 30-100 ME

2 Detected planets
0 Candidate planets

Howard et al. 2010, Science, 330, 653



Msini = 10-30 ME

4 Detected planets
1 Candidate planets

Howard et al. 2010, Science, 330, 653



Msini = 3-10 ME

6 Detected planets
2 Candidate planets

Howard et al. 2010, Science, 330, 653



df/dlogM = 0.39·M-0.48

Howard et al. 2010, Science, 330, 653



df/dlogM = kMα

k = 0.39+0.27-0.16

α = -0.48+0.12-0.14
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Compute Errors
assume binomial statistics
scale missed planets w/det + cand

Key	  Result:	  Power-‐law	  Mass	  Distribu2on

Howard et al. 2010, Science, 330, 653



Key	  Result:	  Occurrence	  rate	  of	  Super-‐Earths	  +	  Neptunes

Howard et al. 2010, Science, 330, 653

Occurrence	  rate	  of	  super-‐Earths	  &	  Neptunes:
	  

15+5-‐4%	  occurrence	  Msini	  =	  3-‐30	  ME,	  P	  <	  50	  days



Extrapola+on	  of	  Power	  Law	  Model:
	  

ηEarth	  	  =	  23+16-‐10%	  for	  Msini	  =	  0.5-‐2.0	  ME,	  P	  <	  50	  days

Key	  Result:	  Earth-‐mass	  Planets	  Common

Howard et al. 2010, Science, 330, 653



Credit:	  NASA/JPL-‐Caltech/UC	  Berkeley



Kepler:
Planet Candidate Occurrence Rises 

with 
Decreasing Planet Radius

€ 

df /d logM = 0.39M −0.48

Borucki et al. (2010)

Planet Radius  (REarth)N
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Mapping R -> M
requires  densities
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Solu2ons?
How	  are	  close-‐in	  low-‐mass	  planets	  made?

Ideas:

1.	  Improved	  Disk	  Migra+on	  	  
	  	  	  	  non-‐isothermal	  disk	  alters	  
	  	  	  	  migra+on	  behavior
	  	  	  	  (Mordasini,	  Paardekooper,	  
	  	  	  	  others)

2.	  Planet-‐planet	  sca`ering/growth	  
	  	  	  	  aber	  gas	  clears	  in	  ~10	  Myr
	  	  	  	  (Ida	  &	  Lin,	  others)

Movie	  courtesy	  C.	  Mordasini

Figure	  courtesy	  S.	  Ida
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Summary:

1.	  Planet	  Mass	  Distribu-on
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4.	  Type	  I	  and	  Type	  II	  migra-on	  in	  a	  gas	  disk	  	  
	  	  	  	  	  is	  not	  well	  supported	  by	  observa-ons



Ques+ons?


